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tively	 short,	 ecological	 timescales.	 Here,	we	 investigate	 the	 relative	 importance	 of	
niche-	based	and	neutral	processes	 in	determining	 the	composition	and	diversity	of	
cichlid	communities	 inhabiting	various	environmental	 conditions	 in	 the	 littoral	 zone	
of	Lake	Tanganyika,	Zambia.	We	collected	data	on	cichlid	abundance,	morphometrics,	
and	local	environments.	We	analyzed	relationships	between	mean	trait	values,	com-
munity	 composition,	 and	 environmental	 variation,	 and	 used	 a	 recently	 developed	
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1  | INTRODUCTION
The	 stunning	 diversity	 of	 cichlid	 fishes	 in	 the	African	Rift	 lakes	 has	
fascinated	scientists	for	decades	(Brooks,	1950;	Coulter,	1991;	Fryer	
&	 Iles,	 1972;	Kocher,	 2004;	Wagner,	Harmon,	&	 Seehausen,	 2012).	
In	contrast	to	the	 large	body	of	research	focusing	on	the	evolution-
ary	 explanations	 of	 cichlid	 diversity	 (Brawand	 et	al.,	 2014;	 Genner	
&	 Turner,	 2011;	 Joyce	 et	al.,	 2011;	 Magalhaes,	 Mwaiko,	 Schneider,	















ecological	 and	 nonecological	 processes	 to	 variation	 in	 community	
composition.
Community	 assembly	 occurs	 on	 a	 continuum	 between	 a	 niche-	
based	perspective	and	a	neutral	perspective	(Gravel,	Canham,	Beaudet,	
&	 Messier,	 2006;	 Kalyuzhny	 et	al.,	 2014;	 Wennekes,	 Rosindell,	 &	


















might	 be	 excluded	 from	 a	 local	 community,	 generating	 lower	 trait	
diversity	 among	 co-	occurring	 species	 (Cornwell,	 Schwilk,	 &	Ackerly,	
2006;	Weiher	&	Keddy,	1995).
In	 contrast,	 the	neutral	hypothesis,	which	considers	all	 individu-
als	from	all	species	as	equivalent,	explains	community	composition	by	
stochastic	processes,	where	 the	 local	 abundance	of	a	 species	 is	 the	
outcome	of	stochastic	birth,	death,	and	migration	over	time	(Hubbell,	
2001;	 Rosindell,	 Hubbell,	 &	 Etienne,	 2011;	 Rosindell,	 Hubbell,	 He,	
Harmon,	&	Etienne,	2012).	Local	community	composition	is	assumed	
to	be	a	dynamic	equilibrium	between	random	 immigration	 from	the	
species	 pool	 and	 local	 ecological	 drift.	 The	 neutral	 hypothesis	 ac-
knowledges	 that	 there	 might	 be	 benign	 and	 harsh	 environments,	




null	 expectation	 is	 then	 that	 areas	with	 high	 abundances	 also	 have	
high	species	richness,	as	a	result	of	random	sampling.






and	 species-	neutral	 stochasticity:	 STEPCAM	 (STEPwise	 Community	




















Abundance	 and	 community	 composition	 data	 of	 cichlids	 were	 col-
lected	 in	 Lake	 Tanganyika,	 near	 Kalambo	 Lodge	 (8°37′22.29″S,	
31°12′1.89″E),	 Zambia,	 Africa	 (Figure	1),	 using	 scuba	 diving.	 In	
total,	 36	 transects	 were	 sampled,	 grouped	 in	 sampling	 clusters	 of	
3.	Transects	were	placed	parallel	 to	the	shore	 (Figure	1).	 Individuals	
were	visually	 recorded	along	20	m	×	4	m	 transects	by	 two	divers	 in	
two	steps:	First,	all	individuals	within	2	m	on	one	side	of	the	transect	
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2.2 | Environmental data
At	 each	 transect,	we	measured	 three	 different	 ecological	 variables.	









taken	 along	 the	 transect	 to	 quantify	 sand	 cover	 of	 each	 transect.	
Third,	 we	 recorded	 the	 topographical	 complexity	 of	 the	 substrate	
using	a	variation	of	the	“chain	method”	(Risk,	1972).	Along	the	tran-
sect,	a	link-	brass	chain	was	laid	over	the	substrate,	such	that	the	chain	







Data	 on	 mean	 trait	 values	 of	 each	 cichlid	 species	 as	 reported	 by	
Muschick	 et	al.	 (2012,	 2014)	 were	 collated	 for	 10	 traits:	 standard	
length,	total	length,	weight,	stable	isotope	ratios	of	carbon	and	nitro-
gen,	 lower	 pharyngeal	 jaw	 height,	 lower	 pharyngeal	 jaw	width,	 gut	
length,	lower	pharyngeal	jaw	shape,	and	body	shape.	To	obtain	a	set	
of	traits	that	do	not	strongly	correlate	with	each	other,	to	avoid	the	







2.4 | Trait- based community assembly
To	infer	the	contribution	of	limiting	similarity,	habitat	filtering	and	sto-
chasticity	to	community	assembly,	we	used	the	STEPCAM		approach	













pool.	 The	 STEPCAM	model	 was	 fitted	 using	 approximate	 Bayesian	
computation,	in	which,	using	the	model,	data	are	simulated	and	com-
pared	with	 the	 observed	 data.	 Comparison	 between	 simulated	 and	
observed	data	occurred	through	comparing	four	summary	statistics:	


















for	 the	 comparison	 of	 contributions	 of	 the	 three	 processes	 across	
	different	transects	with	different	species	richness.
2.5 | The effect of the environment on community 
trait means
To	 test	whether	 variation	 in	 trait	 values	was	 related	 to	variation	 in	
environmental	variables,	we	calculated,	per	transect,	community-	level	
trait	means	 (CTM).	We	used	 linear	mixed	models	 to	 test	how	CTM	
values	correlated	with	environmental	variation.	We	constructed	 full	
models,	where	CTM	values	were	treated	as	dependent	variable,	the	
three	 habitat	 characteristics	 as	 fixed	 effects,	 and	 the	 transect	 clus-
ter	as	a	random	effect.	Nonsignificant	predictor	variables	were	then	








with	 the	contributions	of	 limiting	similarity	and	habitat	filtering	 set	







and	 the	 average	model	R2.	 If	 niche-	based	 processes	 are	 important	
drivers	of	the	observed	environmental	trait	relationships,	we	expect	














We	report	 the	average	predictor	variable	values	and	 the	average	R2 
across	these	100	communities.
2.6 | Community dissimilarity
To	 assess	 the	 simultaneous	 effect	 of	 all	 three	 environmental	 char-
acteristics	 on	 community	 composition,	 we	 quantified	 community	






























Telmatochromis temporalis	 was	 the	 most	 common	 species,	 contrib-
uting	 12%	of	 4,926	 recorded	 individuals.	 The	 seven	most	 common	
species	 combined	 accounted	 for	 50%	 of	 all	 observed	 individuals	
(T. temporalis,	Variabilichromis moorii,	Tropheus moorii,	Neolamprologus 










Bray–Curtis	 dissimilarity	 between	 transects	 was	 found	 to	 cor-
relate	significantly	with	the	normalized	environmental	distance	score	
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(Figure	3,	 left	 panel,	 R2	=	.59,	 Mantel-	r	 statistic	=	.766,	 p	=	.00001,	
100,000	permutations),	indicating	that	similar	habitats	harbored	sim-






simulated	 communities:	 0.07,	 ANCOVA,	 p	<	2e-	16),	 indicating	 that	
environmental	variation	has	a	highly	significant	effect	on	community	
composition.









processes	 of	 community	 assembly	 did	 not	 differ	 between	 habitat	
types.
3.3 | Relationships between traits and habitat 
characteristics
We	found	that	the	three	habitat	characteristics	explained	a	significant	
proportion	 of	 variation	 in	 community	 trait	means	 (CTMs)	 (Table	1).	







found	very	 similar	 estimates	 as	 for	 the	 empirical	 data	 (Table	1).	We	
observed	 high	 R2	 values	 for	 δ15N	 content	 (R2	=	.70),	 δ13C	 content	
(R2	=	.74),	and	lower	pharyngeal	jaw	shape	(R2	=	.70).	Estimates	were	
especially	 similar	 for	 traits	 included	 in	 the	STEPCAM	analysis	 (stan-
dard	length,	δ15N	content,	δ13C	content,	gut	length,	the	first	PCA	com-





















strong	 relationships	 between	 average	 trait	 values	 and	 environmen-
tal	 characteristics	 suggest	 that	 even	 though	 niche-	based	 processes	
only	 contributed	a	minority	of	 all	 community	 assembly	 steps	 in	 the	
STEPCAM	model,	their	influence	on	average	trait	values	and	commu-
nity	composition	was	high.
The	 average	 contribution	 of	 niche-	based	 processes	 to	 commu-
nity	 assembly	was	 relatively	 low,	 suggesting	 their	 role	 to	 be	minor.	
However,	when	we	repeated	our	analysis	of	trait	means	for	commu-









relationships	 (Condit,	 Hubbell,	 &	 LaFrankie,	 1996;	 Hubbell,	 2001;	
Rosindell	&	Cornell,	2009),	while	other	studies	pointed	at	the	impor-
tance	 of	 niche	 processes	 based	 on	 trait–environment	 relationships	
(Cavender-	Bares,	Kitajima,	&	Bazzaz,	2004;	Cornwell	&	Ackerly,	2009;	
Kraft,	Valencia,	&	Ackerly,	 2008).	Our	 study	 shows	 that	 even	when	
stochastic	 processes	 are	 responsible	 for	 the	majority	 of	 community	
assembly	 steps,	 a	 small	 contribution	 of	 niche-	based	 processes	 can	
	already	cause	significant	trait–environment	relationships.
The	 low	 proportion	 of	 niche-	based	 processes	 identified	 by	
STEPCAM	may	 be	 due	 to	 our	 choice	 of	 traits.	 In	 an	 ideal	 scenario,	
one	would	include	information	on	all	possible	traits.	However,	some	
traits	 are	hard	 to	measure,	 and	empirical	 support	 for	 the	 functional	



























overdispersed	 in	 cichlids	 (Seehausen	&	 Schluter,	 2004),	 presumably	
due	 to	 limiting	 similarity	 as	 a	 result	 of	 color-	dependent	 aggression	
(Dijkstra,	Seehausen,	Pierotti,	&	Groothuis,	2007).	Cichlid	coloration	
is	also	expected	to	be	correlated	with	the	local	habitat,	with	vertical	




ception	 has	 been	 shown	 to	 be	 associated	 with	 depth	 segregation	
and	 to	 be	 important	 factors	 in	mate	 choice	 and	 species	 divergence	
(Miyagi,	Terai,	Aibara,	&	Sugawara,	2012;	Seehausen,	van	Alphen,	&	
Witte,	 1997).	The	 inclusion	 of	 traits	 associated	with	 coloration	 and	
	visual	adaptation	could	 therefore	capture	niche	dimensions	 that	are	
not	 included	 in	 the	current	analysis.	This	may	 lead	to	an	 increase	 in	
the	 importance	 of	 limiting	 similarity,	 although	 depth	 segregation	
could	 manifest	 itself	 through	 heightened	 habitat	 filtering	 as	 well.	
Furthermore,	 a	 comparison	 between	 estimates	 obtained	 using	 only	
diet-	associated	traits,	using	only	traits	associated	with	coloration	and	
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number	of	individuals	are	more	likely	to	accumulate	speciation	events	
(Rosindell	 &	 Cornell,	 2009).	 Using	 advanced	 regression	 techniques,	
Wagner	et	al.	(2012),	Wagner,	Harmon,	and	Seehausen	(2014)	showed	
that	the	probability	of	success,	and	the	resulting	diversity,	of	a	lacus-
trine	 cichlid	 radiation	 depends	 on	 multiple	 extrinsic	 environmental	
factors,	including	the	depth,	the	size,	and	the	total	received	solar	input	










Summarizing,	we	 find	 conflicting	 results,	with	 on	 the	 one	 hand	
STEPCAM	estimates	pointing	toward	an	important	role	for	stochastic	
processes	 and	on	 the	 other	 hand	 strong	 relationships	 between	 en-
vironmental	variation,	trait	means,	and	community	composition.	Our	
conflicting	results	resonate	the	ongoing	debate	attempting	to	discern	
the	 underlying	 processes	 of	 community	 assembly	 (Wennekes	 et	al.,	
2012),	 with	 explanations	 emphasizing	 either	 stochastic	 processes	
(Hubbell,	 2001;	 Rosindell	 et	al.,	 2011,	 2012)	 or	 niche-	based	 pro-
cesses	 (Cornwell	 &	Ackerly,	 2014;	 HilleRisLambers,	 Adler,	 Harpole,	
Levine,	 &	 Mayfield,	 2012;	 Kraft	 et	al.,	 2007,	 2008;	 Van	 der	 Plas,	
Anderson,	&	Olff,	2012).	Here,	we	find	that	niche	processes,	although	
only	 	responsible	 for	 a	 	minority	 of	 community	 assembly	 steps,	 are	
responsible	 for	 the	 	majority	 of	 trait-	based	 patterns.	 We	 conclude	





their	 quantitative	 contribution	 to	 the	 whole	 community	 assembly	
process,	generating	strong	relationships	between	environmental	vari-
ation,	trait	variation,	and	community	composition.	Lastly,	our	findings	
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